The present work describes results of investigation of structural characteristics of TiO 2 ceramics, depending on temperature and thermal treatment conditions by using a variety of characterization techniques. TiO 2 ceramics was prepared by extrusion method and developed as a material for electrodes for innovative water treatment technologies. It was shown that non-stoichiometric phase TiO 1.95 was observed after thermal treatment of TiO 2 ceramics under high vacuum conditions.
Introduction
Titanium dioxide (TiO 2 ) is used in a wide range of applications, what is explained by its chemical stability, non-toxicity, availability and relative cheapness of obtaining ceramics. Electrodes made of titanium oxide ceramics with common formula TiO 2-x are very perspective as materials of high potential for drinking water treatment. TiO 2 ceramics sintered in oxygen containing atmosphere (air), when the crystal structure is perfectly formed, are non-conductive. The electrical properties of TiO 2 can be controlled by oxygen vacancies. Conductive ceramic materials were obtained by sintering TiO 2 ceramics in vacuum [1, 2] . To increase the electrical conductivity, it is necessary to increase the number of oxygen vacancies in the crystal and obtain a non-stoichiometric titanium dioxide, TiO 2-x [3, 4] . Various advanced shaping techniques such as spark plasma sintering and hot pressing have been used for preparation of thermoelectric materials. Structural features (phase composition, micro strains, deviations from stoichiometry, grains size) have characteristic effects on ceramics properties. The aim of the present research was to investigate the influence of thermal treatment conditions to ceramic material what was prepared using extrusion followed by two stage thermal treatment: 1) at normal atmospheric conditions in air and 2) in high vacuum conditions.
Materials and methods
Cylindric-shaped TiO 2 ceramic specimens were prepared from plastic TiO 2 ceramic mass by extrusion, using a Dorst Vacuum Extrusion Press V10 SpHv. Extrusion mass consisted of anatase 79 wt.% (Hombitan, Sachtleben Chemie GmbH), water 19 wt.%, lubricant 1.5 wt.% (Produkt KP 5144) and binder 0.5 wt.%. Dried specimens were sintered in air in 800-1400 °C temperature range (heating rate 1 °C/min, dwell time 6h, cooling rate 1 °C/min) to burn out additives and complete transformation from anatase to rutile crystal structure occurs. Further specimens were treated in high vacuum conditions (2×10 peak, calculate crystal lattice parameters and the deviations from stoichiometry ultra-fine diffraktometer Rigaku SmartLab with 4-layer monochromator were used. Crystalline phases were identified using PDXL (Powder Diffraction Analysis Package) program. Diffraction peak shape is described using distributed pseudo-Voigt function. Quantitative analysis performed by an RIR method (Reference Intensity Ratio).
Fourier transform infrared (FTIR) spectra were measured on Scimitar Series model Varian 800 FTIR spectrometer in the wave number region 400-4000 cm -1 with spectral resolution 4 cm -1
. All IR measurements were carried out at room temperature using the KBr pellet technique.
Raman spectra were measured using Renishaw inVia micro-Raman spectrometer equipped with argon laser (514.5 nm, max cw power P ex =10 mW). The spectral signal was dispersed by the 2400 grooves/mm grating onto Peltier-cooled (-60 °C) CCD detector.
Results and discussion
It is indicated by XRD and FTIR that the raw TiO 2 powder used for the manufacturing of ceramic specimens, is a pure anatase without any admixtures of other phases.
Phase transitions from anatase to rutile structure depend on the fabrication conditions. XRD pattern of the specimens treated in air atmosphere showed mainly rutile crystalline phase and trace amounts of anatase below 1000 °C.
XRD patterns of all specimens treated in air at 1100 °C and above showed presence of crystalline phase with rutile structure only. The X-ray diffraction patterns of specimens treated in vacuum do not show the presence of any phases with other crystalline structure (Fig.1a) . These results are in good agreement with the data obtained from IR spectra (Fig.1b) . Only anatase TiO 2 phase with bands (535, 667, 750 cm ) begins to develop at temperatures 800 °C. Anatase bands disappear completely over 1100 °C and the slight shifting of the rutile bands along with a considerable decrease in its intensity occur with further treatment temperatures increasing in air atmosphere. During thermal treatment in air from 1100 to 1400 °C sintering degree increases. The most intensive growth of ceramic grains was observed in temperature range 1100 to 1250 °C. [2] .
Defects like oxygen vacancies occur in TiO 2 crystal lattice, if TiO 2 is thermally treated in a reducing environment. Non-stoichiometric compounds with TiO 2-x general formula are formed. Even slight deviations from stoichiometric TiO 2 result in significant increase of electrical conductivity of the compound. Titanium oxide ceramics obtained by extrusion method and then thermally treated in high vacuum conditions, also demonstrate high electrical conductivity [5] .
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During vacuum treatment the colour of the specimens changes to dark blue, consistent with earlier works on vacancy-induced optical absorption in reduced (oxygen-deficient) rutile. It is observed that intensity of IR absorption bands of specimens thermally treated at vacuum conditions above 1200 °C significantly decreases; bands become broader and slight shift in comparison with spectra of specimens thermally treated in air. This tendency continues no matter at which temperature specimens was previously treated in the air atmosphere. (Fig. 2a, b) . (A 1g ). Only rutile phase was determined after thermal treatment in air at 1100 o C and above. Slight regular shift of band position with thermal treatment temperature increasing is detected. These shifts are more pronounced for treatment in vacuum, where the redistribution of intensities of the peaks E g and A 1g occurs (Fig. 3) . For rutile is shown that the Eg mode is due to the out-of plane, libration motion of the oxygen atoms along the c-axis [6] . Absence of oxygen in these planes would have a more significant effect on the Eg mode than the Ti-O stretch mode. But some shift of other bands position and intensities changes may be induced by strain in crystal lattice too. It was found that the location of the X-ray diffractions peaks varies significantly depending on thermal treatment temperature. After vacuum treatment specimens have complex phase composition. Part of rutile becomes non-stoichiometric TiO 2-x , and its amount depends on temperature. Calculations of lattice parameters have shown that non-stoichiometric phase is close to TiO 1.95 . For specimens treated at 1300 °C in air and subsequently at 1250 °C in vacuum were identified three phases (A, B, C) with rutile crystalline structure (Fig. 4) . It was determined that phase B correspondents to non-stoichiometric TiO 1.95 and its relative amount are 42%.
[ C is a simple way to reduce TiO 2 to non-stoichiometric titanium dioxide TiO 2-x . Slight systematic shifting, with increasing thermal treatment temperature, was observed for the dominant rutile Raman band. But greater deviation is defined for treatment under vacuum conditions. As shown by Raman spectroscopy and XRD methods, specimens after thermal treatment in vacuum have non-uniform phase composition with structure of rutile, nonstoichiometric phase of TiO 1.95 was observed.
